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We review the information on the CKM matrix elements, unitarity triangle and 
CP-violating phases a, P and 7 in the standard model which will be measured in 
the forthcoming experiments at B factories, HERA-B and hadron colliders. We also 
discuss two-body non-leptonic decays B — > hih2, with hi being light mesons, which 
are interesting from the point of view of CP violation and measurements of these 
phases. Partial rate CP asymmetries are presented in a number of decay modes 
using factorization for the matrix elements of the operators in the effective weak 
Hamiltonian. Estimates of the branching ratios in this framework are compared 
with existing data on _B — > Kit, rj' K, K*n, pn decays from the CLEG collaboration. 

1 Introduction 

We shall review the following three topics in quark flavour physics: 

• An update of the Cabibbo-Kobayashi-Maskawa CKM matrix 0. 

Here, the results of a global fit of the CKM parameters yielding present profiles of 
the unitarity triangle and CP-violating phases a, [3 and 7 and their correlations in 
the standard model (SM) are summarized a. 

• Estimates of the CP-violating partial rate asymmetries for charmless non- 
leptonic decays B — > where hi and /12 are light mesons, based on 
next-to-leading-order perturbative QCD and the factorization approximation 
in calculating the matrix elements of the operators in the effective Hamiltonian 
approach El. 

Here, we first discuss a general classification of the CP-violating asymmetries in 
non-leptonic B decays and then give updated numerical estimates for a fairly large 
number of two-body decays involving penguin- and tree-transitions Most of the 
decays considered here have branching ratios which are estimated to be in excess 
of 10^® (and some in excess of 10^^) and many have measurable CP asymmetries. 
Hence, they are of interest for experiments at B factories and hadron machines. 

• Comparison of the bmxiching ratios for B —> hih2 decays measured by the 
CLEO coUa-bpration with the factorization-based theoretical estimates of 
the same Wm. 

The interest in these decays lies in that they provide first information on the 
QCD penguin-amplitudes and the CKM-suppressed non-leptonic b ^ u transitions. 
Hence, they will provide complementary information on the CKM matrix elements. 
It is argued that present data supports the factorization approach though it is not 
conclusive. 
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2 SM Fits of the CKM Parameters and the CP- Violating Phases a, 

/3 and 7 



Within the standard model (SM), CP violation is due to the presence of a nonzero 
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) quark mixing rnatrix 
V. We shall use the parametrization of the CKM matrix due to Wolfenstein □: 

/ l-iA2 A AX^p-iTj)\ 

V ~ \ -Xil + iA^X^rj) l-iA2 AX^ , (1) 

\AX^1- p-iTj) -AX"^ 1 J 

which has four a priori unknown parameters A, A, p and 77, where A is the Cabibbo 
angle and 77 represents the Kobayashi-Maskawa phase. The allowed region in p-rj 
space can be elegantly displayed using the so-called unitarity triangle (UT). While 
one has six such relations, resulting from the unitarity of the CKM matrix, the one 
written below has received particular attention: 

Vudv:, + v,dv;, + Vtdv;, = q. (2) 

Using the form of the CKM matrix in Eq. (|^), this can be recast as 



which is a triangle relation in the complex plane (i.e. p-rj space). Thus, allowed 
values of p and rj translate into allowed shapes of the unitarity triangle. 

The interior CP- violating angles a, (3 and 7 can be measured through CP asym- 
metries in B decays. Likewise, some of these these angles can also be measured 
through the decay rates. Additional constraints come from CP violation in the 
kaon system (|e|), as well as B^-B^ mixing. In future, the decays B — > (Xs,Xd)7, 
B [XsT Xd)i^ and K — > ttvv will further constrain the CKM matrix. 



2.1 Input Data 

The experimental and theoretical data which presently constrain the CKM param- 
eters A, A, p and 77 are summarized below. 

• \Vusl \Vcb\ and \VublV,b\- 

We recall that \iL,s\ has been extracted with good accuracy from K — > nev and 
hyperon decays Mto be |Ks| = A = 0.2196 ± 0.0023. The determination.x)f \Vcb\ is 
based on the combined analysis of the inclusive and exclusive B decays lid: \Vcb\ = 
0.0395 ± 0.0017, yielding A = 0.819 ± 0.035. The knowledge of the CKM matrix 
element ratio iKib/V'cbl is based on the analysis of the end-point lepton energy 
spectrum in semileptonic decays B — > X^ive and the measurement of the exclusive 
semileptonic decays B — s- {Ti^p)tvi. Present measurements in both the inclusive 

and exclusive modes are compatible with 0: = 0.093 ± 0.014. This gives 

v/p2 + r/2 = 0.423 ± 0.064. 



• \e\,BK: 

The experimental value of |e| is 0: 

|e| = (2.280 ±0.013) X 10^3 . (4) 

In the standard model, |e| is essentially proportional to the imaginary part of the 
box diagram for K'^-K^ mixing and is given by 113 



Bk {A^X^rj) {yc {fjcthiVc Vt) - flee} 



+ Vuytf2iyt)A'\'ii-p)), (5) 

where yi = mf/M'^, and the functions /2 and /s are the Inami-Lim function 0. 
Here, ih£-j}i are QCIl correction factors, calculated at next-to-leading order: {fjcc) 
EJ, {flu) cJ and {fict) The theoretical uncertainty in the expression for |e| is in the 
renormalization-scale independent parameter Bk, which represents our ignorance 
of the hadronic matrix element (7^*^1(^7^(1 — 75)5) |if ). Recent calculations of 
Bk using Lattice QCD methods are summarized at the 1998 summer conferences 
by Draper t3 and Sharpe 113, yielding 

i^K = 0.94 ±0.15. (6) 

. AM.JI^Bb,: 

The present world average for AMd is 111 

AMd = 0.471 ± 0.016 (ps)-i . (7) 

The mass difference AM^ is calculated from the B'^-B'^ box diagram, dominated 
by quark exchange: 



AMd = ^M^Mb [H^Bb,) fiBytf2{yt)\v:M'' , (8) 

where, using Eq. (0), \V^*^Vtb\'^ = A^\%\ - pf + if]. Here, fjB is thn QCD correc- 
tion, which has the value 7)3 — 0.55, calculated in the MS scheme t3. 

For the B system, the hadronic uncertainty is given by /^^Bb^- Present es- 



timates of this quantity using lattice QCD yield fs^y Bb^ = (190 ± 23) MeV in 
the quenched approximation 00. The effect of unquenching is not yet understood 
completely. Taking the MILC collaboration estimates of unquenching would in- 



crease the central value of fB^yBBa by 21 MeV In the fits discussed here I 
the following range has been used 



/i3.V^B<. = 215±40MeV. (9) 



• AM,, /I Bb, 



Table 1. Data used in the CKM fits. 



Parameter 


Value 


A 


0.2196 


\Vcb\ 


0.0395 ±0.0017 


iKb/Kbl 


0.093 ± 0.014 




(2.280 ±0.013) X 10-3 




(0.471 ± 0.016) ips)-^ 
> 12.4 (ps)-^ 


AM, 


nh{mt{pole)) 


(165 ± 5) GeV 


rnZ{mc{pole)) 


1.25 ±0.05 GeV 


t)b 


0.55 


t)cc 


1.38 ±0.53 


Vet 


0.47 ±0.04 


Vu 


0.57 


Bk 


0.94 ±0.15 


.Ib^ \I Bb^ 


215 ± 40 MeV 


6 


1.14 ±0.06 



The B^-B^ box diagram is again dominated by ^-quark exchange, and the mass 
difference between the mass eigenstates AM, is given by a formula analogous to 
that of Eq. (I): 



AM, = ^M^Mb^ [IbBb^ ) VBMh{yt)\V:,Vtb\ 



(10) 



Using the fact that \Vcb\ = \Vts\ (Eq- it is clear that one of the sides of the 
unitarity triangle, |Vtd/AVch|, can be obtained from the ratio of AM^ and AM,, 



AM, 
AMrf 



f}B, Me 



VbAIb, {PbBb,) 



Vt 



td 



(11) 



The only real uncertainty in this quantity is the ratio xifJiadronic matrix elements 
fs BbJIb^Bb^- Present estimate of this quantity is llJH: 

^, = 1.14 ±0.06 . (12) 

The present lower bound on AM, is: AM, > 12.4 (ps)"^ (at 95% C.L.) 0. 

There are two other measurements which should be mentioned here. First, the 
KTEV collaboration cA has recently reported a measurement of direct CP violation 
in the K sector through the ratio e'/e, with 



Re(e7e) = (28.0 ± 3.0(stat) ± 2.6(syst) ± 1.0(MC stat)) x 10^^ 



(13) 



in agreement with the earlier measurement by the CERN experiment NA31 
which reported a value of (23 ± 6.5) x 10^"* for the same quantity. The present 



world average is Re/e'/e) = (21.8 ± 3.0) x 10 ^. This combined result excludes the 
superweak model c3 by more than 7a. 

A great deal of theoretical effort has gnnp into calculating this quantity at next- 
to-leading order accuracy in the SM EJEa'ta. The result of thiR_calculation can be 
summarized in the following form due to Buras and Silvestrini EH: 

Re(e7e) = ImAt [-1.35 + i?, (l.l|rf^|4'^'^ + (1-0 - 0.67|rf)|)B^^/'^)] . (14) 

Here At = VtdV^* = A^X^j] and r^-* represents the short-distance contribution, 
which at the NLO precision is estimated to lie in the range 6.5 < Ir^^^l < 8.5 Ne. 
The quantities iJg^^^"* ~ B^^^'^\mc) and B^^^^ = B^^^\mc) are the matrix ele- 
ments of the A/ =1/2 and A/ = 3/2 operators Og and Os, respectively, calculated 
at the scale /i — nic- Lattice-QCD c3 and the 1/Nc expansions yield: 

0.8 < B^^/^^ < 1.3, 0.6 < fif < 1.0 . (15) 

Finally, the quantity Rg in Eq. (|lj) is defined as: 

/ 150 MeV V 
^ ^ , , ^ , , (16) 



^ms(mc) -I- md{mc) 

essentially reflecting the s-quark mass dependence. The present uncertainty on the 
CKM matrix element is ±23%, which is already substantial. However, the theoret- 
ical uncertainties related to the other quantities discussed above are considerably 
larger. For example, the ranges e'/e = (5.3±3.8) x 10"* and e'/e = (8.5±5.9) x 10"*, 
assuming TOs(toc) — 150 ±20 MeV and ms{mc) ~ 125 ±20 MeV, respectpely, have 
been quoted as the best representation of the status of e'/e in the SM E^l. These 
estimates are somewhat on the lower side compared to the data but not inconsistent. 

Thus, whereas e'/e represents a landmark measurement, establishing for the first 
time direct CP-violation in decay amplitudes, and hence removing the superweak 
model of Wolfenstein and its various incarnations from further consideration, its 
impact on CKM phenomenology, particularly in constraining the CKM parameters, 
is marginal. For this reason, the measurement of e'/e is not included in the CKM 
fits summarized here. 

Second, the CDF collaboration has recently made a measurement of sin 2/3 011. 
In the Wolfenstein parametrization, — /? is the phase of the CKM matrix element 
Vtd- From Eq. (^ one can readily find that 

sin(2/3) = .^^"^^V^^ , . (17) 
^ (1 - p)2 +r?2 ^ ^ 

Thus, a measurement of sin 2/3 would put a stcong contraint on the parameters p 
and T]. However, the CDF measurement gives E3 

sin2/3 = 0.79t°:^i , (18) 

or sin 2/3 > at 93% C.L. This constraint is quite weak - the indirect jpeasurements 
already constrain 0.52 < sin 2/3 < 0.9f^the 95% C.L. in the SM H. (The CKM 
fits reported recently in the literature P^^IP^Pi yield similar ranges.) In light of this, 
this measurement is not included in the fits. The data used in the CKM fits are 
summarized in Table |^. 




Figure 1. Allowed region irL/a-r; space in the SM, from a fit to the ten parameters discwseed in 
the text and given in Table nlThe limit on AMs is included using the amplitude method Lj- The 
theoretical errors on fg^ W Bg^ , Bk and are treated as Gaussian. The solid line represents 
the region with 'x^ = - +6 corresponding to the 95% C.L. region. The triangle shows the best 
fit. (From Ref. 2.) 



2.2 SM Fits 

In the fit presented here i, ten parameters are aUowed to vary: p, rj, A, rrit, rric, rjcc, 
Vet, fsdlLBBa, Bk, and ^s- The AMs constraint is included using the amplitude 
method cJ. The rest of the parameters are fixed to their central values. The allowed 
(95% C.L.) p-rj region is shown in Fig. 0. The best fit has {p,ri) = (0.20,0.37). 

The CP angles a, (3 and 7 can be measured in CP-violating rate asymmetries 
in B decays. These angles can be expressed in terms of p and 77. Thus, different 
shapes of the unitarity triangle are equivalent to different values of the CP angles. 
Referring to Fig. |], we note that the preferred (central) values of these angles are 
(a,/3,7) = (93°, 25°, 62°). The allowed ranges at 95% C.L. are 

65° < a < 123° 
16° < /3 < 35° 

36° < 7 < 97° (19) 



Of course, the values of a, /3 and 7 are correlated, i.e. they are not all allowed 
simultaneously. We illustrate these correlations in Figs. ^ and Fig. shows the 
allowed region in sin 2a-sin 2/? space allowed by the data. And Fig. |^ shows the 
allowed (correlated) values of the CP angles a and 7. This correlation is roughly 
linear, due to the relatively small allowed range of /3 (Eq. ([l9|)). 

We remark that the correlations shown are specific to the SM and are expected 
to be different, in general, in non-SM scenarios. A comparative study for some 
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Figure 2. Allowed 95% C.L. region of the CP-violating quantities sin 2a and sin 2/3 in the SM, 
from a fit to the data given in Table hi. 
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Figure 3. Allowed 95% C.L. region of the CP-violating quantities a and 7 in the SM, from a fit 
to the data given in Table |^. 



Sariants of the minimal supersymmetric model (MSSM) has been presented recently 
, underlying the importance of measuring the angles a, (3 and 7 precisely. One 
expects almost similar constraints on (3 from the CKM fits in the SM and MSSM, 
but a and 7 may provide a discrimination. 



3 CP- Violating Asymmetries in (^1^2)^ Decays 

Apart from the decay modes B J /-ipK^ and B tttt, discussed at great length 
in the literature, there are many interesting two-body decays B which 
are expected to have large CP asymmetries in their partial decay rates. Recent 
measurements by the CLEO collaboration of S-decays into final state such^as 
/ii/i2 = nK,r]' K,iTp,TrK* have rekindled theoretical interest in these decays oH. 
A completely quantitative description of these and related two-body decays is a 
challenging enterprise, as this requires knowledge of the four-quark-operator ma- 
trix elements in the decays B /11/12, for which the QCD technology is not yet 
ripe. Hence, calculations of the decay amplitudes from first principles in QCD are 
difficult and a certain amount of model-building i£.|-iiiiavoidable. Here, we ahall 
summarize the work done in estimating the rates EfEla and CP asymmetries □ in 
some selective decay modes, based on perturbative QCD and factorization. 

For charged B^ decays the CP-violating rate-asymmetries in partial decay rates 
are defined as follows: 

_ T{B+^f+)-T{B-^f-) 

= r{B+^f+) + r{B-^f-) ' (^^^ 

where = (/ii/i2)^. To be non-zero, these asymmetries require both weak and 
strong phase differences in interfering amplitudes. The weak phase difference arises 
from the superposition of amplitudes from the various tree- and penguin-diagrams, 
with the former involving 6 — > m and the latter b —^ s or b d transitions. The 
strong phases, which are needed to obtain non-zero values for Acp in (pO|), are 
generated by final state interactions. This is modeled using perturbative QCD 
by taking into account the NLO corrections, following earlier suggestions along 
these lines Ea. It shouLd-jbe stressed that this formalism includes not only the so- 
called charm penguins e3 but all penguins (as well as the tree-contribution) in the 
framework of an effective Hamiltonian. 



3.1 CP-violating Asymmetries Involving 6 — > s Transitions 

For the b —^ s, and the charge conjugated 6 — *■ s, transitions, the respective decay 
amplitudes Ai and A4, including the weak and strong phases, can be generically 
written as: 

M = re. - PtcCte'^'^ - PucCuc''-, 

M = TC- PtcCte''*- - PucCe''- , (21) 

where we define 

P^.e^'^- = P„e^*- - Pee^^^ (22) 

Here = VaV*. and use has been made of the unitarity relation = —£,u — ^t- In 
the above expressions T denotes the contributions from the current-current opera- 
tors; Pt, Pc and P„ denote the contributions from penguin operators proportional 



to the product of the CKM matrix elements ^t, and and the corresponding 
strong phases are denoted by St, Sc and Su, respectively. The explicit expiiessions 
for the CP-violating asymmetry Acp are, in general, not very illuminating S. How- 
ever, as the amplitudes involve several small parameters^, much simplified forms 
for A~ and aniLhence Acp, can be obtained in specific decays by keeping only 
the leading terms Ela. 

To exemplify this, we note that \(,u\ ^ |6| — |Cc|, with an upper bound 
|Cu|/|6l < 0.025. In some channels, such as K^tt^, K*^t:°, K*^p°, typical 

value of the ratio \PtclT\ is of 0(0. 1), with both Puc and Ptc comparable with typi- 
cally \Puc/ Ptc\ — 0(0.3). Using these approximations, the CP-violating asymmetry 
in 6 — !■ s transitions can be expressed as 

2zi2sin(5tcSin7 

^CP — -r~^ 1 ; — 2' \^'^) 

1 + 2z2 COS btc cos 7-1-2:2 

where Z2 — \£,u/^t\ x T / Ptc- Note that is approximately proportional to sin 7, 
as pointed out by Fleischer and Mannel H in the context of the decay B —> Ktt. 
Due to the circumstance that the suppression due to |^u/ft| is stronger than the 
enhancement due to T/Ptc, restricting the value of Z2, the CP-violating asymmetry 
for these kinds of decays are exgected to be 0(10%). Exphcit calculations in model 
estimates confirm this pattern 

There are also decay modes with vanishing tree contributions, such as B^ 
TT^ifg, TT^K*°, p^K*°. With T = and \^u\ < the CP-violating asymmetry 
can now be expressed as 



p 

Icp ^ 2 — 



sin((5„c - i5tc) sin7. (24) 



As Puc /Ptc ^ 1, and also |Cti/Ct| ^ 1, the CP-violating asymmetries are ex- 
pected to be small. Some representative estimates area: Acp{tt^ K'^) = —1.5%, 

Acp(7r±K*'") = -1.7%, Acpip'^K*^") = -1.7%. In scenarios with additional CP- 
violating phases, these CP asymmetries can be greatly enhanced and hence they 
are of interest in searching for non-SM CP-violation effects in B decays. 



3.2 CP-violating Asymmetries Involving b d Transitions 

For b —f d transitions, the decay amplitudes can be expressed as 
M=TCu'' PtcCte'''^ - PucCue''-, 

M^TQ- PtcQe'''^ - PucCe''- , (25) 

where Q — VibV*^, and again the CKM unitarity has been used in the form Cc — 
~Ct ~ Cu- For the tree-dominated decays involving b d transitions, such as 

"The smallness of these quantities reflects the CKM-suppression and/or QCD dynamics calculated 
in perturbation theory. 



5="= ■n^ri^'\ p^T]^'\ p^uj, the relation Puc < Ptc-^T holds, and the CP-violating 
asymmetry is approximately given by 

-2zi sin(5tcSina 

^cp — -r— j > l^oj 

1 + 22:1 cos dtc cos a 

with zi = ICt/Cul X TPtc/T''^ and T'^ ee „ 2TF„^ cos S^c- Note, the CP-violating 
asymmetry is approximately proportional to sin a in this case. Concerning zi, 
we note that the suppression due to PtcT /T''^ <C 1 is accompanied with some 
enhancement from |Ct/C«l (the central value of this quantity is about 2.1 □), making 
the CP-violating asymmetry in this kind of decays to have a value Acp — (5-10)%. 

For the decays with vanishing tree contribution, such as K^Kg, K^K*'^, 

(— ) 

K* K , the CP-violating asymmetry is approximately proportional to sin a again, 

-2z3sm{duc- Stc) sin a 
1 — 2z3 cos(o„c — Otc) cos a -I- 

with Z3 = |Cu/C«l X Puc/Ptc- As the suppression from |C«/Ct| and \Puc/Ptc\ is not 
very strong, the CP-violating asymmetry are typically of order (10-20)%. 

We list the estimated CP asymmetries and branching ratios (charge-conjugate 
averaged) in (^11/12)^ decays in the upper half of Table 2, keeping only those 

decays which are expected to have branching ratios in excess of 10~^. While the 
listed Acp are not sensitive to the precise values of the form factors, the branching 
ratios are; the numbers given correspond to the BSW model tJ. We have indicated 
the uncertainty on Aqp resulting from the virtuality of the gluon g{k^) qtqi, 
influencing the absorptive parts of the amplitudes, for = m^/2 ± 2 GeV^. 



4 CP-violating Asymmetries in (^11^2)° Decays 

The CP asymmetries involving the neutral B'^{B'^) decays may require time- 
dependent measurements. Defining the time-dependent asymmetries as 

(28) 

r(B»(()^/) + r(B°(()^/) 

there are four cases that one encounters for neutral B^{B^) decays: 

• case (i): B'^ ^ f, B^ ^ f, where / or / is not a common final state of B^ and 
B°, for example B° K+n- and B° K-tt+ . 

• case (ii): B^ ^ {f = f) ^ B'^ with /'-^^ = ±/, involving final states which 
are CP eigenstates, i.e., decays such as B^{B^) — > tt+tt", tt^tt", X^tt" etc. 

• case (iii): B'^ {f ^ f) ^ with / involving final states which are not CP 
eigenstates. They include decays into two vector mesons B'^ {VV)° , as the 
VV states are not CP-eigenstates. 



Table 2. CP-rate asymmetries Aqp and charge-conjugate-averaged [branching ratios for some 
selected B — > hih2 deeays, estimated in the factorization approach Q, updated for the central 
values of the CKM fits □ p = 0.20, rj = 0.37 and the factorization model parameters ^ = 0.5 and 
fe2 = ml/2 ±2 GeV^. 



Decay Modes 


CP-class 


Acpi%) 


BB(xlO"^) 








10.0 




(i) 




4.3 






/lit — 

-^■^•3 + 7.5 


4.8 




O 


9 

"^■^—4.1 


5.5 




(i) 




3.7 


B± ^ J7p± 


(i) 


n 1+U.V 

■^■^-1.7 


8.6 


_« r) p 




■^■1-1.8 


o.z 






' 3 4 


21.0 


B± ^ -q'K^ 


(i) 


^■-'+2.1 


23.0 


n+ + (1 




''■'-+2.0 


9.0 


B± ^ »7/^± 


f) 


7.0+ii 

— 5.2 


2.6 


B± ^ »7_fs:*± 


(i) 




2.1 


B± ^ K^w 


(i) 


-14 4"*''' 


3.2 






7 7+r.v 

'■'-3.7 


9.5 




(j) 




11.0 


(—) 

K*^p^ 


w — 


— 1 7 9 — 
-^'•^+9.8 


5.4 


(—) 


(i) 




14.0 


(— ) 


(i) 




6.0 


(— ) 

BO r^'E-g 


(U) 




23.0 


(— ) 

BO ^ TT+TT- 


{a) 


25.41?- 


13.0 


(— ) 


{a) 


-45.1^^:! 


0.4 


(— ) 


{a) 


39.6lgj 


3.0 


(— ) 

B" ^ 


{a) 


4i.2i?:J 


1.0 


(— ) 

BO ^ 


{a) 


35.2 


9.0 


(— ) 

BO p+p- 


{Hi) 


17 l+o-i 


24.0 


(— ) 

B" ^ pOpO 


{Hi) 


-46.o;I1 


1.0 


(— ) 

B" a;u; 


(Hi) 




1.1 


BO/bO p-TT+/p+TT- 


(iv) 


i3-9;i:o 


7.8 


BO/BO p+TT^/p-TT+ 


(iv) 


9 7 "■'^ 
^- '+0.9 


29.0 



• case (iv): B° {f^f) ^ with /*-^^ 7^ /, i.e., both / and / are common 
final states of and but they are not CP eigenstates. Decays B^/B^ — > 
/7+7r^, /9^7r+ and B^/B° — > K*'^K'^, K*°K'^ are two interesting examples in 
this class. 



Here case (i) is very similar to the charged decays, discussed above. For case 
(ii), and (iii), Acp{t) would involve B'~' - B'^ mixing. Assuming |Ar| ^ |Ato| and 
|Ar/r| ^ 1, which hold in the standard model for the mass and width differences 
Am and AF in the neutral -B-sector, one can express Acp(t) in a simplified form: 

Acp{t) ~ flg/ cos(Amt) + tte+t' sin(Amt) . (29) 

The quantities a^' and a^^e' depend on the hadronic matrix elements: 



(30) 



1 - lAcpp -2Im{XcP 



1 + |AcpP' 1 + |AcpP' 

where 



''CP 



VtbV;^ {f\H,ff\BO) 



(31) 



For case (i) decays, the coefficient a^' determines Acp{t), and since no mixing is 
involved for these decays, the CP-violating asymmetry is independent of time. We 
shall call these, together with the CP asymmetries in charged B^ decays, CP-class 
(i) decays. For case (ii) and (iii), one has to separate the sm{Amt) and cos(Amt) 
terms to get the CP-violating asymmetry Acp(t). The time-integrated asymmetries 
are: 

1 X 

Acp = — — jfle' + — ja.+e', (32) 
1 + x"^ 1 + x'^ 

with X = Ato/F ~ 0.73 for the 5° - W case. 

Case (iv) also involves mixing but here one has to study the four time-dependent 
decay widths for B°{t) ^ f, B°{t)^ /, B°{t) f and B°{t) ^ / @. These time- 
dependent widths can be expressed by four basic matrix elements 

5=(/|ife//|S''),/i=(/|i?e//|B°), 

5=(/>e//|B°),/i=(/>e//|B°), ^^^^ 

which determine the decay matrix elements of i?" fk,f and of B^ fSzf at 
t — 0. By measuring the time-dependent spectrum of the decay rates of and 
one can find the coefficients of the two functions cos Amt and sin Amt and extract 
the quantities a^', a^+e', |gP + Oe', Oe+e' and \g\'^ + as well as Am and F. 

(— ) 

Estimates of Acp{B" ft.1/12), representing the decays belonging to the CP- 
classes (i) to (iv), together with the branching ratios averaged over the charge- 
conjugated modes, are given in Table 2. They have estimated branching ratios 

(— ) 

in excess of 10~^ (except for the decay i?" tt^tt^). They also include the de- 
cay modes B° -> K^tt"^, B^ rj'K^, B^ n^K*^, B°/B° -> p^vr+Zp+Tr", 
B^ / B^ — + /9+7r^//9^7r+, whose branching ratios have been measured by the CLEO 
collaboration. The CP asymmetries in all these partial decay rates are expected to 
be large. 



Table 3. Branching ratios niffiftsured by the CLEO collaboration □ and factorization-based theo- 

rtical estimates of the same □ (in units of 10~^), updated for the central values of the CKM fits 
p = 0.20, rj = 0.37 and tfep factorization model parameter J = 0.5. Theory numbers correspond 
to using the BSW model [Lattice QCD/QCD sum rule] for the form factors. 



Decay Mode 


BR (Expt)l 


BR(Theory)i 


K+TT- 


1.4 ±0.3 ±0.2 


1.4[1.7] 


B+ ^ K+n"* 


1.5 ±0.4 ±0.3 


1.0[1.1] 


B+ K'^7T + 


1.4 ±0.5 ±0.2 


1.6[1.9] 


B+ ri'K+ 


7.4ti;3 ± 1.0 


2.3[2.7] 


BO ^ ri'RO 


5.9+^-^ ±0.9 


2.3[2.7] 


5° n-K*+ 


9 r, + U.S +11. 4 

^■^-0.6 -0.5 


0.6[0.7] 


B+ -> TT + p" 


1.5 ±0.5 ±0.4 


0.9[1.0] 


BO/BO p~TT + 


3.5+; g ±0.5 


3.7[4.3] 



5 Comparison of the Factorization Model with the CLEO Data 



Before we discuss the numerical results, a technical remark on the underlying the- 
oretical framework is in orderp.p.The estimates being discussed here Ercl, and the 
earlier work along these lines EB, are all based on using the NLO virtual correc- 
tions for the matrix elements, of the four-quark operators, calculated in the Landau 
gauge with off-shell quarks cil. This renders the effective (phenomenological)_coeffi- 
cients used in these works both gauge-and quark (off-shell) mass-dependent c3. The 
remedy for this unsatisfactory situation is to replace the virtual corrections with 
the ones calculated with on-shell quarks, which are manifestly gauge invariant. 
A proof that gauge- and renormalization-scheme-independent effective coefficients 
(and hencejlecay amplitudes) can be consistently obtained in perturbation theory 
now exists c3. Further discussion of these aspects and alternative derivation of the 
gauge- invariant on-shell amplitudes in i? — > /11/12 decays will be reported elsewhere 
c3. From the phenomenologieaLpoint of view, the corrections in the effective coef- 
ficients are, however, small So, the real big unknown in this approach is the 
influence of the neglected soft non-factorizing contributions. 

We now compare the predictions of the factorization-based estimates with the 
CLEO data. Since no CP asymmetries in the decays B /11/12 have so far been 
measured, this comparison can only be done in terms of the branching ratios. We 
give in Table 3 eight B /iift.2 decay modes, their branching r|atios measured 
by CLEO □ and the updated theoretical estimates of the same H. The entries 
given for B^ /B^ p^n^ are for the sum of the two modes, as CLEO does not 
distinguish between the decay products of i?° and B^ . Moreover, we have fixed 
the factorization model parameter to ^ = 0.5, which is suggested by the measured 
B ^ np branching ratios. Table 3 shows that all five Kit and irp decay modes are 
well-accounted for in the factorization-model, but the n^K*^ and the two B — > ij'K 
modes are typically a factor 2 below the CLEO data, though experimental errors 
are large to be conclusive. Also, there is some dependence of the decay rates on 
the form factors, as indicated by the two set of numbers corresponding to the use 



of the BSW-model El and the Lattice-QCD/QCD-sum-rule-based estimates and 
on ^. 

While the final verdict of the experimental jury is not yet in, it is fair to say that 
the factorization approach, embedded in a well-defined perturbative framework, 
provides a description of the present data which is accurate within a factor 2. 
This is a hint that non-factorizing soft final state interactions do not represent a 
dominant theme in B decays. Present data gives some credibility to the idea that 
perturbative QCD-based methods can be used in estimating final state interactions. 
Non-leptonic B — > hih2 decays discussed here, many of which will be measured in 
experiments at the B factories and hadron machines, will test this quantitatively. 
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